Background and objectives Primary hyperoxaluria types I and II (PHI and PHII) are rare monogenic causes of hyperoxaluria and calcium oxalate urolithiasis. Recently, we described type III, due to mutations in HOGA1 (formerly DHDPSL), hypothesized to cause a gain of mitochondrial 4-hydroxy-2-oxoglutarate aldolase activity, resulting in excess oxalate.
Introduction
The amount of oxalate excreted in the urine (normal Ͻ0.46 mmol/1.73 m 2 per 24 h) is a major risk factor for calcium oxalate-stone formation (1, 2) . Marked hyperoxaluria (Ͼ0.8 mmol/1.73 m 2 per 24 h) can arise from gene defects of hepatic glyoxylate metabolism: primary hyperoxaluria type I (PHI), caused by deficiency or mistargeting of alanine:glyoxylate aminotransferase (AGT) activity (EC 2.6.1.44) (3), or primary hyperoxaluria type II (PHII), caused by glyoxylate reductase/hydroxypyruvate reductase (GRHPR) (EC 1.1.1.79) deficiency (4) .
Marked hyperoxaluria not caused by PHI or PHII was first described in 1996 (5) . Careful study and phenotypic characterization of a subsequent cohort of affected children excluded gastrointestinal hyperabsorption and other secondary causes of hyperoxaluria (6) . These observations, along with findings of an affected sibship in one pedigree, suggested an inherited disorder of primary or metabolic cause, referred to as non-PHI-PHII primary hyperoxaluria. However, screening of two promising candidate genes relevant to oxalate metabolism, glycolate oxidase, and SLC26A6 yielded negative results (6, 7) .
Recently, we identified mutations in a novel gene HOGA1 as one cause of non-PHI-PHII primary hyperoxaluria, hypothesizing a gain of hepatic or renal mitochondrial 4-hydroxy-2-oxoglutarate aldolase (HOGA1) activity as the underlying metabolic source of excess oxalate (8) . Hyperoxaluria caused by mutations in HOGA1 is now referred to as primary hyperoxaluria type III (PHIII).
At present, our understanding of the pathways (and subcellular compartments) that contribute to and metabolize glyoxylate in human liver (and kidney), including that of hydroxyproline, which is implicated in PHIII, is incomplete (9 -11) . It is noteworthy, however, that clinical experience to date suggests that PHIII is an autosomal recessive trait (6, 8) , an observation that is incongruent with a gain of function mechanism for HOGA1 (8) .
To explore alternative mechanistic explanations and reach more definitive conclusions about the pathogenic mechanism of HOGA1, we set out to study the effect of the two most common HOGA1 mutations, an in-frame deletion (c.944_946 del AGG, p.Glu315del) and a splice site variant (IVS700 ϩ 5 GϾT), at the RNA level. Using a variety of in silico tools, we also developed a scoring system of pathogenicity for HOGA1 missense variants.
In an effort to establish the frequency of PHIII, we performed HOGA1 screening in additional probands meeting criteria of non-PHI-PHII primary hyperoxaluria, ascertaining 10 new unrelated families. Their genotype data are presented here, along with phenotypic characterization of the 25 PHIII cases described so far, including comparative analyses with PHI and PHII, using data from the International Primary Hyperoxaluria Registry (IPHR).
Postulating that genetic variants in HOGA1 may influence urine oxalate and hence the risk of idiopathic calcium oxalate-stone formation, we screened 100 unrelated idiopathic calcium oxalate stone formers and found three HOGA1 variants: two novel and one previously described (in PHIII). None were detected in negative controls. The findings lend support to HOGA1 as a susceptibility gene for idiopathic calcium oxalate urolithiasis.
Materials and Methods

Patient Recruitment
From routine inquiries and referrals to the Mayo Clinic Hyperoxaluria Center, we first selected for HOGA1 screening patients who met clinical criteria for primary hyperoxaluria (urine oxalate, Ͼ0.8 mmol/1.73 m 2 per 24 h in the absence of gastrointestinal disease or other identifiable secondary causes) who were also AGXT and GRHPR mutation negative and/or proven to have normal hepatic AGT and GRHPR activities by hepatic enzyme analysis. Patients with milder degrees of hyperoxaluria (0.46 to 0.8 mmol/1.73 m 2 per 24 h) and negative AGXT, GRHPR, and SLC26A6 mutation screening were also subsequently included in the analysis.
In collaboration with Mayo Clinic Jacksonville, we also recruited for testing a population of idiopathic calcium oxalate stone formers and controls. The patients were identified from routine referrals to the Division of Nephrology, and controls were chosen from patients undergoing computed tomography imaging in the Department of Radiology at Mayo Clinic Jacksonville. Controls were defined as patients with radiographic confirmation of absence of urolithiasis and a negative personal history of symptomatic urolithiasis.
Phenotype Analyses
Phenotype data were obtained from studies in our laboratory or extracted from patients' outside medical records. All patients and first degree relatives provided informed consent to DNA testing and record review under research protocols approved by the Mayo Clinic Institutional Review Board. Comparative phenotypic data in PHI and PHII was obtained from the IPHR.
Molecular Screening of Human HOGA1
Genomic DNA was extracted from peripheral blood leukocytes using standard methods. Mutation screening was accomplished by direct sequencing of the seven exonic and flanking intronic regions of HOGA1. PCR conditions are as listed in the Supplemental Methods section. Sequencing was performed in both directions using an ABI PRISM 3730 DNA Analyzer (Applied Biosystems), and sequencing chromatograms were analyzed using version 3.24 of Mutation Surveyor software.
The significance of novel missense variants was assessed using PolyPhen-2 (http://genetics.bwh.harvard.edu/pph/), SIFT (http://blocks.fhcrc.org/sift/SIFT.html), Align GVGD (http://agvgd.iarc.fr/agvgd_input.php), and PhD-SNP (http://gpcr2.biocomp.unibo.it/ϳemidio/PhD-SNP/PhD-SN. htm). Scores derived from the single tools were added into an overall score as "highly likely pathogenic" (when four to five of five tools predicted pathogenicity), as "likely pathogenic" (when three of five tools predicted pathogenicity), as "indeterminate" (when two of five tools predicted pathogenicity), and "neutral" (when 0 to one of five tools predicted pathogenicity).
The effect of a common in-frame deletion mutation (c.944_946 del AGG) and a splice site variant (IVS700 ϩ 5 GϾT) was assessed by reverse transcription (RT)-PCR using HOGA1-specific exonic primer pairs on exons 5 (forward) and 7 (reverse). RT-PCR primer pairs and conditions are as listed in the Supplemental Methods section. RNA was isolated from Epstein Barr Virus-transformed lymphoblast cell lines using TRizol (Invitrogen, Carlsbad, CA) or from peripheral blood lymphocytes isolated in a PAXgene blood RNA tube from Qiagen, and cDNA was generated using the Superscript III cDNA synthesis kit from Invitrogen.
Statistical Analyses
Comparisons between PHI, PHII, and PHIII were done using the chi-squared test (nominal factors) or KruskalWallis ANOVA (continuous or ordinal factors). All of the tests were two-sided using an ␣ level of 0.05.
Results
First, we sequenced the entire HOGA1 coding region in a panel of 28 unrelated hyperoxaluric patients meeting criteria of marked hyperoxaluria not caused by PHI, PHII, or any identifiable secondary cause. From this group of patients, we identified 10 patients (36%) with two HOGA1 mutations. HOGA1 mutation data, hepatic enzyme analysis, and metabolite data are shown in Table 1 . Clinical features and the corresponding laboratory parameters at presentation are listed in Supplemental Table 1 .
The two most common HOGA1 mutations identified so far are c.944_946 del AGG (p.Glu315del) and IVS700 ϩ 5 GϾT, with calculated allelic frequencies of 46% and 24%, respectively, and an apparent founder effect for c.944_946 del AGG in Jewish-Ashkenazi individuals (8) . RT-PCR data for IVS700 ϩ 5 GϾT are shown in Figure 1 . This variant appears to weaken the wild-type donor splice site allowing a downstream GT cryptic donor site at position ϩ 52 to become active, resulting in an in-frame insertion of 51 nucleotides (17 codons), including the wild-type donor site.
RT-PCR analysis of mutant cDNA from patient 8, who harbors a novel stop codon (c.763 CϾT, p.R255X), is also shown in Figure 1 . The mutant T nucleotide that creates the STOP is equally represented, suggesting that this truncating allele is stably expressed and is not subject to nonsensemediated decay. RT-PCR analysis of mutant cDNA from patient 3 (c.944_946 del AGG homozygous) is also shown in Figure 1 .
Scoring of HOGA1 missense variants for likely pathogenicity is provided in Supplemental Table 2 , and a multisequence alignment of HOGA1 and six orthologues (Pan troglodytes, Sus scrofa, Bos taurus, Mus musculus, Rattus norvegicus, and Xenopus laevis) showing the affected substitutions is shown in Supplemental Figure 1 . Our in silico analysis was predictive of moderate to severe pathogenicity for all variants.
To further characterize the PHIII phenotype, we pooled our clinical experience, assembling a total of 25 cases from 19 unrelated families, some of which have been published previously in part (6 -8,12) , and compared the findings with PHI and PHII, using data from the IPHR. Urine oxalate, calcium, and uric acid at diagnosis are shown in Figure 2 . Urine oxalate was lower (P ϭ 0.02), whereas urine calcium (P Ͻ 0.0001) and urine uric acid (P ϭ 0.0006) were higher in PHIII when compared with PHI and PHII. PHIII was also characterized by symptomatic calcium oxalate stone disease early in life, with 50% of the patients presenting with stones before 5 years of age. At diagnosis, estimated GFR was 98 Ϯ 32 ml/min per 1.73 m 2 (mean Ϯ SD), and at last follow-up (median 7.2 years from diagnosis), estimated GFR was 116 Ϯ 28 ml/min per 1.73 m 2 . To date, none of the patients have progressed to ESRD.
From our referral base of hyperoxaluric patients, we also identified two with a milder degree or a more variable pattern of hyperoxaluria who were heterozygous for HOGA1 mutations (and negative for AGXT, GRHPR, and SLC26A6 variants), both of whom developed symptom onset in adulthood (Table 2) . One patient (patient 1a) was the brother of a PHIII proband (patient 2). The second patient (patient 2a) was unrelated to the families. The sequencing findings were confirmed in duplicate. Urine oxalate was normal in other obligate heterozygous parents and siblings when available (data not shown). These observations prompted us to study a cohort of 100 idiopathic calcium oxalate stone formers in whom we also detected three HOGA1 heterozygous patients ( Table 2) . One of these variants (c.860 GϾT, p.G287V) was also detected in PHIII (patient 5 in this report and in Belostotsky et al) (8) .
None of the six novel HOGA1 variants documented in the patients (PHIII, mildly hyperoxaluric or idiopathic cal- cium oxalate stone formers) were detected in 100 negative controls from Mayo Clinic Jacksonville (this report) or in 66 controls from Mayo Clinic Rochester (8) . The possibility that variant c.714 CϾT (p.G238G) (patient 5a) simply represents a silent polymorphism still exists.
Discussion
Here, we provide further evidence for the genetic basis of PHIII, describing four novel HOGA1 variants (three missense and one nonsense) in 10 newly identified families. Detection of a novel stop codon (c.763 CϾT, p.R255X) favors a loss-of-function mechanism for HOGA1, in keeping with the autosomal recessive pattern of inheritance observed in PHIII families to date (6, 8) . Our observation of HOGA1 heterozygosity for some variants (c.944_946 del AGG and c.907 CϾT, p.R303C) in association with milder phenotypes (mild or variable hyperoxaluria), however, suggests that these hypomorphs may behave in a dominant-negative fashion, a mechanism supported by the tetrameric structure of HOGA1 and our demonstration of stably-expressed transcripts for the two most common HOGA1 mutations (c.944_946 del AGG and IVS700 ϩ 5 GϾT). Given that a phenotype was not consistently detected in heterozygous individuals, it is probable that other susceptibility factors, genetic or environmental, are involved. Detection of a variant (c.860 GϾT, p.G287V) common to both PHIII and idiopathic stone formers also suggests that some alleles may be partially penetrant, predisposing to idiopathic calcium oxalate urolithiasis.
One possibility as to how the loss of HOGA1 enzymatic activity causes a phenotype of hyperoxaluria in PHIII is through a rerouting of its substrate, 4-hydroxy-2-oxoglutarate and/or any of its precursors (4-hydroxy-L-proline, or 4-hydroxy-2-ketoglutarate) to glyoxylate and/or oxalate. We propose that under normal conditions glyoxylate is strictly prevented from contact with the cytosol, remaining distributed in peroxisomes and mitochondria. The flux across these subcellular compartments is facilitated by its conversion to glycolate (Supplemental Figure 2) . When HOGA1 is absent, a build-up of KHG (4-hydroxy-2-oxoglutarate and/or its metabolites) in mitochondria may leak into the cytosol, where it can be converted to glyoxylate. Such a reaction would be catalyzed by a cytosolic pyruvate aldolase. Aldolases are known to be fairly nonspecific and to tolerate a wide range of aldehydes as acceptor compounds (13) . A possible candidate aldolase that may provide cytosolic formation of glyoxylate from hydroxyoxoglutarate is NPL (N-acetylneuraminate pyruvate-lyase) (NPL human, Q9BXD5). It has rather high homology to HOGA1 but is lacking a mitochondrial signal and is localized in the cytosol (Supplemental Figure 2) . Once excess cytosolic glyoxylate is formed, it would be rapidly oxidized to oxalate by lactate dehydrogenase, ensuing in hyperoxaluria.
Because in humans 4-hydroxy-L-proline is derived from collagen (from bones and connective tissue) as well as from dietary sources (animal protein and gelatin) and some of these sources are also known to influence urine calcium and uric acid (14) , it is possible that a defect in HOGA1 also gives rise to these phenotypes under certain circumstances. Urine oxalate, calcium, and uric acid measurements in PHIII and idiopathic stone formers harboring HOGA1 variants on diets carefully controlled for animal protein and other dietary factors are needed. Metabolic studies and further functional characterization of HOGA1 are also needed to definitively confirm its role and pathophysiology in PHIII. Given that we were able to isolate RNA and generate mutant cDNA from affected patient lymphocytes, further examination of the expression and function of HOGA1 in lymphocytes is warranted. (1) 248 (1) 560 (1) 734 (1) 0.52 (2) 152 (2) 553 (2) 637 (2) 0.45 (3) 261 (3) 851 ( urine oxalate (Ͻ0.46 mol/24 h), urine calcium (Ͻ300 mg/24 h), and urine uric acid (Ͻ750 mg/24 h). Pt, patient; creat, creatinine; NA, not available.
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